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We examined whether signals from rods and S cones can combine to produce a threshold response. 
Test flashes of specific wavelengths uperposed on a long wavelength adapting field were used to 
isolate threshold responses from the two receptor systems, simultaneously and at the same retinal 
location. Dark adaptation experiments and spectral sensitivity determinations i dicated that, in the 
adaptational range from about 1.6 to 2.8 log scot td, 530 nm and 440 nm flashes were detected by 
rod and S cone photoreceptors, respectively. The intensities of the 530 nm and 440 nm flashes were 
mixed in various ratios and the increment threshold was then measured with these mixture flashes 
using the method of constant stimuli. The effects of rod and S cone excitation were found to 
summate linearly at threshold, under these experimental conditions. Summation occurred 
presumably at an early stage of the visual process. Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 
The influence of rods on cone vision has long been 
debated. While attention has been primarily focused on 
interactions of rods and L cones (e.g. Frumkes et al., 
1973; Frumkes & Temme, 1977; Drum, 1982; Benimoff 
et al., 1982; Goldberg et al., 1983; Coletta & Adams, 
1984; Alexander & Fishman, 1985), in past decades a
number of studies have explored possible linkage of rods 
and S cones (see Trezona, 1970), including the idea that 
rods are or contribute to the "blue" mechanism (Willmer, 
1961). Although various tudies (Bowmaker & Dartnall, 
1980; Alpern & Tamaki, 1983; Nathans et al., 1986) have 
ruled out the possibility that rods are the primary short 
wavelength receptors, there is uncertainty about the 
functional independence of rods and S cones as implied 
by the duplicity theory of vision. Indeed, studies 
involving color mixing and additivity (Stabell & Stabell, 
1973, 1976; Trezona, 1970), color aftereffects (Trezona, 
1960), and spectral luminosity measurements i  the 
parafovea (Hough & Ruddock, 1969) have suggested 
interactions between rods and S cones. In normal and 
color deficient observers, these interactions may com- 
prise inhibition (Trezona, 1970), independence (Alpern et 
al., 1965) and facilitation (Hough, 1968). In blue cone 
monochromats, signals from rods and S cones have been 
found to summate in luminosity (Blackwell & Blackwell, 
1961; Pokorny et al., 1970) but showed mutual inhibition 
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in acuity (Blackwell & Blackwell, 1961). Recently 
Reitner et al. (1991) demonstrated color vision in blue 
cone monochromats which implies that somehow rod and 
S cone signals can interact. 
When rods and L cones (sometimes, L and M cones) 
are excited selectively by bichromatic single flashes or 
flickering stimuli, under either dark or light adapted 
conditions, their signals may combine to produce avisual 
threshold response. Studies using flicker (MacLeod, 
1972; van den Berg & Spekreijse, 1977) and flashes 
(Frumkes et al., 1973) have shown that rod and L cone 
signals can interfere destructively or summate comple- 
tely depending on the phase or temporal difference 
between the chromatic stimuli, i.e. the rod-specific and 
cone-specific stimuli. In threshold summation studies, 
two chromatic flashes are usually delivered simulta- 
neously to the same retinal area. In essence, the threshold 
of the bichromatic flash is compared to the threshold of 
the indiv;_dual component. When the threshold of the 
bichromatic stimulus requires less energy than the sum of 
the threshold energies of the individual components, 
some type of summation is said to occur. Several 
investigators (Ikeda & Urakubo, 1969; Drum, 1982; 
Benimoff et al., 1982) have reported that rod and L cone 
responses at threshold summate only partially. Levine 
and Frishman (1984) have suggested that partial summa- 
tion results from an inhibitory action which precedes 
summation. The combined signals then travel in a final 
common pathway for which there is physiological 
evidence (Gouras & Link, 1966). It is not known whether 
rod and S cone signals can combine to produce a visual 
threshold response. The present study attempts o answer 
that question. 
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Rod and S cone responses may be isolated, at the same 
retinal ocation, with the two color increment threshold 
technique. On a long wavelength background, which 
varies over a wide range of intensities, the rod threshold 
response is effectively isolated by a middle wavelength 
parafoveal test flash that enters the pupil peripherally 
(Aguilar & Stiles, 1954). On a long wavelength back- 
ground of moderate or higher intensity, the S cone 
response is effectively isolated with a short wavelength 
test flash entering the pupil centrally. In the present study, 
we examine whether rods and S cones can interact at 
higher levels of illumination. We adopted specific 
conditions in which rods were the most sensitive 
mechanism to a 530 nm test flash, whereas S cones were 
most sensitive to a 440 nm test flash. Using the threshold 
summation paradigm of Boynton et al. (1964), we 
presented spatially superposed and temporally synchro- 
nous test flashes to determine combined rod and S cone 
threshold responses in the parafoveal retina. When the 
intensities of the components of the flash mixture were 
set in various ratios, we found that effects of rod and S 
cone excitation may summate linearly, suggesting 
physiological summation i  an early stage of the visual 
process. 
METHODS 
Optical stimulator 
A four-channel Maxwellian view stimulator provided 
the stimuli. A schematic diagram and description of this 
stimulator system have been presented previously by 
Battersby et aL (1964). Its design is summarized here. All 
beams derived from a common tungsten source, a 
projection lamp (General Electric). Two light beams 
(Channels 1and 2) were focused on shutters, then passed 
through balanced circular wedges to provide independent 
test flashes. The other light channels (Channels 3 and 4) 
were without shutters and wedges. All four beams passed 
through individual target plates that could be moved 
independently in two planes to permit placement of test 
probes and adapting fields of various diameter in the field 
of view. Channel 3provided the adapting field. Channel 4
provided the fixation target. By slight rotations of prism 
P4 in Channel 2 (see Battersby et aL, 1964) the test 
stimulus beam could be sent into the eye through 
different points of the dilated pupil, while the central 
point of entry remained unchanged for all other beams. 
Restoration of the test stimulus to the original position in 
the observer's field of view following rotation of P4 was 
accomplished by displacing the target plate in Channel 2 
in its own plane. Figure 1 shows the observer's general 
view of the spatial configuration of presented stimuli. 
Illuminance of the test stimuli in Channels 1 and 2 
was controlled by separate 4.0 log unit circular neutral 
density wedges that were calibrated in steps of 
0.2 log unit for all wavelengths used in this study. 
Intermediate log attenuation values were found by linear 
interpolation. The wedge position was under direct 
control of the observer and could be changed in steps 
Fix 
Adapting field 21 ° 
FIGURE 1. Spatial arrangement of he stimuli. The test flash was a 
7.5 deg diameter disc located 10.5 deg from the fixation target. The 
adapting field was a steady 21 deg disc concentric with the test flash. 
of 0.01 log unit. Adapting field and fixation target 
illuminances were controlled with fixed neutral density 
filters. The shutter system was triggered by a PC 
computer through aDIO board. Shutter ise and fall time 
(approx. 2 msec each) were monitored with an oscillo- 
scope. Wavelength of test flashes was determined by 
interference filters that ranged from 400 to 660 nm (in 
steps of 10 nm) with half bandwidths between 6 and 
12 nm. Energy calibration of Channels 1, 2 and 3 was 
achieved by placing a PIN-10 diode detector head 
(United Detector Technology Corp.) calibrated for 
spectral responsivity with attached IR filter, normal to 
the optical axis of the final lens at a distance of one focal 
length. The spectral quantum distribution, N~, expressed 
in quanta per second per square degree of visual angle 
(quanta d 2 sec- 1) was then calculated using procedures 
specified by Wyszecki and Stiles (1982). The scotopic 
illuminance of different wavelength stimuli was also 
determined by a subjective match at threshold with a 
510 nm stimulus. All stimuli used for this calibration 
were 1.2 deg in diameter, 1 sec in duration, and were 
delivered successively at10.5 deg from fixation along the 
horizontal meridian of the temporal retina. 
Stimulus parameters 
The diameter (7.5 deg) and uration (200 msec) of the 
test flash were chosen to take advantage ofthe spatial and 
temporal summation characteristics of both rods and S 
cones. The flash was delivered, once every 3 sec, to the 
temporal retina at 10.5 deg along the horizontal meridian 
of the left eye. The adapting field was 21 deg in diameter, 
steady, and concentric with the test flash. To achieve 
relative isolation f rod responses, we used a 530 nm test 
flash and a 632 nm (Wratten 29) adapting field. The 
530 nm beam struck the photoreceptors obliquely. It 
passed through the pupil, about 2.5 mm nasal to the point 
of central entry. Two drops of neo-synephrine (10%) 
dilated the pupil to about 7.5 mm for about 3 hr. The 
adapting field always entered the eye through the center 
of the pupil (on-axis). S cone responses were isolated 
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FIGURE 2. (a) Threshold vs illuminance curves. 0, tvi curve of 440 nm test flash on 632 nm field; ©, tvi curve of 530 nm test 
flash on a 632 nm field; V, isolation of M cone thresholds with a 530 nm test flash on 632 nm fields, after a "white" bleach (see 
text for details); y ,  M cone threshold obtained with a 530 nm test on a 510 nm field; II, estimated M cone threshold to a 440 nm
test; solid lines represent th  shape of the standard tvi curve (Wyszecki & Stiles, 1982). (b) Dark adaptation following a 4 min 
exposure to 4 log td "orange" light (Schott filter, cut-on wavelength: 555 m). Wavelength oftest flash was 440 nm. 
using an on-axis 440 nm test flash viewed against a 
632 nm adapting field. In these experiments (illustrated in 
Figs 2 and 3) the method of adjustment was used. 
Thresholds were also determined with the method of 
constant stimuli [data in Fig. 3(c), Figs 4 and 5]: we 
presented 40 exposures of each of seven wedge settings 
that were slightly below or above the threshold value 
originally obtained with the method of adjustment. Four 
catch trials were randomly interspersed in each set of (40) 
exposures. The "probability of seeing" was plotted 
against est flash intensity, and cumulative normal curves 
were fitted to the data by computer using commercially 
available software (Table Curve, Jandel Scientific, San 
Rafael, CA). The relationship between S cones and rods 
was tested by measuring the threshold to a mixture of 530 
and 440 nm flashes delivered simultaneously to the same 
retinal area. Intensities of the 530 nm and 440 nm 
components in the mixture were varied according to a 
procedure developed by Boynton et al. (1964) which will 
be described later. 
Procedure 
Prior to each session, the observer's head was 
stabilized using a biting board (adjustable in three 
planes); the left eye was aligned with a field of 
1 log scot td. Data collection was initiated after a 
35 min period of dark adaptation. Two threshold values 
were taken consecutively for each set of test and adapting 
stimulus parameters. If threshold values differed by 
>0.1 log unit, at least one additional measurement was 
made. Observers usually adapted for 3 min to the higher 
intensities of the adapting field. Every datum was based 
on at least six thresholds from at least three experimental 
sessions. The standard error of the mean of a datum in 
any of the figures shown was <0.1 log unit. 
Observers 
Two males and one female, all emmetropic, served in 
this study. FN and KR served in all aspects of the study, 
while key findings were replicated for LM. 
RESULTS 
Simultaneous i olation of S cone and rod responses 
The experiments in this section are not novel; they 
simply establish a range over which rods and S cones can 
be isolated simultaneously. We first measured thresholds 
for an on-axis 440 nm test flash on a 632 nm adapting 
field, over a 7 log unit range of field intensities. The plot 
of test flash threshold [ 0 ,  Fig. 2(a)] vs field illuminance 
showed a rod limb at low intensities and a cone limb at 
the higher adapting levels. The modest change in cone 
sensitivity on the long wavelength field suggested that S 
cones were mediating the test flash. To explore this 
further we bleached observers for 4min  with an 
"orange" light (Schott filter, cut-on wavelength: 
555 rim) of 5 log td stemming from an ordinary slide 
projector. Sensitivity to the 440 nm parafoveal test flash 
was tracked for a period of 30 min in the dark, using the 
method of adjustment. Measurement began after about 
2 min of dark adaptation to allow "transient ritanopia" 
(Mollon & Polden, 1977) to subside. Figure 2(b) plots 
test flash threshold as a function of time in the dark. Only 
a single branch was evident in the first 3-10 min of dark 
adaptation before rods began to mediate detection of the 
flash. An estimate of M cone absolute sensitivity to a 
440 nm flash suggested that this ingle branch was S cone 
mediated. M cone threshold value determined with a 
530 nm parafoveal test on a 510 nm background was 
-0 .498  log scot td [V  in Fig. 2(a)]. Based on ~4 field 
sensitivity at the fovea (Wyszecki & Stiles, 1982), 
threshold for a 440 nm flash would be about 0.652 log 
scot td (indicated by I I )  which is about 0.4 log units 
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F IGURE 3. (a)  Action spectra for a parafoveally detected test flash obtained against adapting fields of different intensities. The 
observer increased the intensity of the variable wavelength test flash, until it was just detected. Sensitivity (1/threshold 
illuminance) on the ordinate is plotted as a function of test flash wavelength. The CIE ,  V';, is vertically aligned to fit the datum at 
510 nm obtained at each adapting level. Stiles' field sensitivity of re 3 at the fovea was fitted at 440 nm. (b) Action spectra for a 
parafoveally detected 7.5 deg test flash delivered through either the center (A )  or periphery (A)  of the pupil against a 632 nm 
adapting field of 2.7 log scot td in intensity. The CIE  V';, function is vertically aligned to fit the datum at 510 nm. 
(c) "Probability of seeing" curves. The probability of seeing the 440 and 530 nm flashes is plotted as a function of the log 
relative threshold. 
higher than the threshold value of the cone plateau in Fig. 
2(b) (r-l). The latter differed by 0.15 log units from the 
threshold for cones in Fig. 2(a) (• )  suggesting that both 
were mediated by the same mechanism, most likely S 
cones. When the test flash was delivered through the edge 
of the pupil and its wavelength changed from 440 to 
530 nm, the curve resulting from the plot of test flash 
threshold vs field illuminance [O, Fig. 2(a)] resembled 
the rod curve obtained by Aguilar and Stiles (1954). 
There was no evidence anywhere in the shape of this 
particular curve for a transition from rod- to cone- 
mediation of vision with increase of the field intensity. 
Thus, S cone and rod responses may be isolated 
simultaneously with intermediate to relatively high 
intensity 632 nm adapting fields. 
To determine the extent to which rods and S cones 
could be stimulated independently, we measured action 
spectra on adapting fields of various intensities. The 
observer adjusted the intensity of a 7.5 deg, parafoveal 
test flash of various wavelengths, until it was just barely 
visible. The test flash passed through the center of the 
pupil. Figure 3(a) shows plots of test sensitivity 
(expressed in log quanta d -2 sec-  t) vs test wavelength 
obtained on a 632 nm adapting field of various intensity 
( -  1.5, 0.2, 1.7, and 2.7 log scot td). 
With adapting fields of about 0.2 log scot td, long 
wavelength (>620 nm) test flashes were detected by both 
rods and cones, or cones alone. Higher field intensities 
(1.7 and 2.7 log scot td) changed the sensitivity of the 
observer at the short wavelength end, relative to that in 
the middle wavelength region of the spectrum, to a 
remarkable extent. Rods no longer mediated detection of 
a 440 nm test and their threshold was at least 1.4 log units 
higher than that of S cones when the field intensity was 
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2.7 log scot td. We changed the angle of incidence of the 
test flash to the off-axis direction to determine the range 
of wavelengths over which rods were detecting the 
parafoveal test flash. Figure 3(b) shows the results for an 
adapting intensity of 2.7 log scot td. In the range of 500- 
550 nm, it did not matter whether the test flash entered 
the pupil centrally or peripherally, suggesting that rods 
were mediating vision within that range of wavelengths. 
M cone sensitivity relative to that of rods was 
determined, under rod isolation conditions, by taking 
advantage of the difference in rate of dark adaptation 
between rods and cones [see also Rushton (1965)]. 
Following a 3 min exposure to a "white" bleach of 
5.3 log td, threshold responses were determined to an off- 
axis, 530 nm flash during the cone plateau of dark 
adaptation. The determinations were made in the 
presence of 632 nm adapting fields presented in the 
following order: 2.7, 2.2, 1.0, 0.0, -1 ,  and -3 .5  log 
scot td. Since measurements were made between 5 and 
9 min after extinction of the bleaching source, no 
difficulties were experienced in seeing the adapting field, 
except at the two lowest intensity levels. The open 
inverted triangles of Fig. 2(a) are the result of such 
measurements and represent cone function, most likely 
that of M cones (Rushton, 1965). 
From the combined results we established that in the 
adaptational range from about 1.6 to 2.8 log scot d, a 
530nm flash predominantly stimulated rods and a 
440 nm flash stimulated S cones. The main experiments 
were carried out with adapting field intensities of 2.2 and 
2.7 log scot td. At a field intensity of 2.2 log scot td, S 
cone sensitivity to the 440 nm flash exceeded that of rods 
by 1.1 log units. Rod sensitivity to the 530 nm flashes 
exceeded that of S cones by 1.2 log units and that of M 
cones by 1.0 log unit. At a field intensity of 2.7 log 
scot td, S cones were 1.4 log unit more sensitive than 
rods to a 440 nm flash. Rods were more sensitive to a 
530nm flash than S cones and M cones by 0.6 and 
0.4 log units, respectively. 
Rod and S cone contributions to visual threshold 
A threshold summation paradigm developed by 
Boynton et al. (1964) to study interactions between 
different cone types was used here to evaluate possible 
interactions of rods and S cones. The working assumption 
of this paradigm is that the most sensitive mechanism 
determines the threshold to a test flash. Furthermore, two 
equally sensitive but independent mechanisms may both 
contribute to he detection of the test flash. The relation- 
ship between such mechanisms i  governed by prob- 
ability summation which lowers the threshold relative to 
that obtained with either mechanism alone. Two 
mechanisms that are equally sensitive but not indepen- 
dent may summate their outputs or interact in an 
inhibitory fashion. If the outputs of two mechanisms 
were to summate completely, only half of the threshold 
value of each mechanism would be needed to produce a 
threshold response. If the two mechanisms were to inhibit 
each other, the threshold would always be higher than 
that predicted by probability summation. 
Based on individual "probability of seeing" curves for 
rods and S cones, such as those shown in Fig. 3(c), we 
calculated combined threshold values predicted by 
probability summation. The standard eviations, SD, of 
the cumulative normal distributions that best fitted the 
rod and S cone data were 0.24 and 0.14, respectively. The 
slope of the curve is determined by SD; hence, the S cone 
curve was steeper than the rod curve. The threshold of 
each mechanism was set at the flash intensity correspond- 
ing to a probability of 0.5 criterion level. Thresholds were 
at 7.48 and 6.61 log quanta d-2sec  -1 for rods and S 
cone, respectively. However, the flash intensities on the 
abscissa of Fig. 3(c) are expressed in arbitrary units: the 
rod and S cone thresholds have been given the value of 1 
(log 1 =0). If rods and S cones were responding 
independently to a mixture of 440 and 530 nm flashes, 
their relationship would be governed by probability 
summation, which is given by: 
Pm -- 1 - (1 - P1)(1 - P2) (1) 
where, P1 and P2 are the probabilities of detecting the 
440 and 530 nm components in the mixture flash; Pm is 
the probability of detecting the mixture flash. For the 
mixture to be at threshold, Pm should equal 0.5. Then, 
according to Eq. (1), P1 = P2 = 0.29 (for the case where 
P1 = P2). In Fig. 3(c), a P-value of 0.29 corresponds toan 
intensity of about 0.13 log units (26.2%) below the 
threshold for the 530 nm flash and to an intensity of 
0.11 log units (23%) below the threshold of the 440 nm 
flash. At threshold, we would expect he intensities of the 
components in the mixture to be reduced on average by 
about 0.12 log units. 
We mixed 440 and 530 nm lights in various ratios, 
measured threshold responses to the mixture flash and 
compared these to the predictions of probability and 
linear summation. To mix the two lights we expressed the 
intensity of each component in the mixture relative to its 
own individual threshold and then required that the two 
proportions always added up to 1. For example, amixture 
with a 1:4 ratio, contained 20% of the threshold intensity 
of the 440 nm flash and 80% of that of the 530 nm flash. 
The threshold intensity for each component was deter- 
mined at the beginning of every session. Usually two or 
three different ratios were completed in a session. The 
observer was presented with subthreshold and supra- 
threshold intensities (calculated uring the experiment) 
of a particular mixture ratio in order to generate a 
"probability of seeing" curve. Such curves were 
produced for various ratios, r: 1/9, 2/8, 3/7, 4/6, 5/5, 6/ 
4, 7/3, 8/2, 9/1. The observer did not know which 
particular atio was presented. 
Results 
The data shown in Fig. 4(a) are plotted as the logarithm 
of  $1 or $2 vs log r, according to the format used by 
Boynton et al. (1964). S~ is the ratio of the intensity of the 
440 nm flash in the mixture at threshold to the intensity of 
the 440 nm flash at threshold when presented alone. $2 is 
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FIGURE 4. Experimental summation curves relating the threshold of a 
mixture of 44(1 and 53(1 nm flashes to the logarithm of the ratio of the 
two components in the mixture. Adapting field intensity: 2.2 log 
scot td. The endpoints of the abscissa marked with -~ and +-i+, 
represent the values of r = 0/1 and r = 1/(), respectively. The solid 
curves indicate linear summation. The open and solid symbols 
represent experimental values of SI and $2 (see text), respectively. 
The cross (x) at log r = 0 represents thevalue of log SI = log $2 
predicted by probability summation. The predicted value was about 
-0.12 for FN (a), and -0.13 for KR (b) and LM (c). 
similarly defined for the 530 nm flash; r is the ratio of $2 
to S, in the mixture (log r= log  S2-1og St). The 
threshold values for 440 and 530 nm flashes obtained 
when presented alone have been given the value of 1.0 
(log 1 = 0 on the ordinate). They are plotted at r = - 
and r = ~.  Each datum in the figure represents the 0.5 
probability of seeing the mixture flash, for a given value 
ofr .  Values o f r  ranged from 0.1/0.9 to 0.9/0.1 (for log r: 
from - 0.95 to 0.95). The cross (×) plotted at log r = 0 
(when $2=$1 =0.5) marks the threshold intensity 
predicted by probability summation and has a logarithmic 
value of -0 .12 .  The solid lines represent the condition in 
which, for every value of r, S~ and $2 in the mixture at 
threshold add up to 1. They are the predicted curves for 
linear summation. The ordinate value at the point of 
intersection of the two curves equals - 0.3 log units. The 
open circles of Figure 4(a) represent he experimental 
values of $1, the solid circles represent those of $2. At log 
r = 0, the ordinate value was -0 .28  log units which 
means that a threshold response was produced with about 
52% of the threshold intensity of each component present 
in the mixture. Data obtained with different mixture 
ratios adhered closely to the solid lines that represent 
linear summation. Figure 4(b) and (c) show data obtained 
on observers KR and LM. Probability summation 
predicted a threshold intensity reduction of about 
-0 .12  log units for KR and --0.13 for LM at log r = 0. 
(KR's SD for rods was 0.26 and for S cones 0.18; LM's  
SD for rods was 0.21 and for S cones 0.26). The actual 
intensity reductions were about -0 .23  and -0 .291o-  
g units for KR and LM, respectively. The data from both 
observers generally followed the summation curves. 
For observers FN and KR, data were also collected in 
the presence of a 2.7 log scot td adapting field; these are 
shown in Fig. 5(a) and (b). The probability summation 
predictions were about - 0.13 log units for both obser- 
vers; the experimental values found were -0 .26  and 
-0 .24  log units for FN and KR, respectively. There was, 
again, a reasonable fit of the other data points to the solid 
curves. Taken together, these data indicated that the 
relationship between rods and S cones is probably not 
governed by probability summation. 
DISCUSSION 
The results showed that 530 and 440 nm flashes 
presented on a 632 nm field, that were too dim to drive 
either the rod or cone system to threshold, could be mixed 
together to produce a threshold response. The intensities 
of the components in the mixture were lower than would 
be predicted by probability summation. The data 
obtained with different mixture ratios in Figs 4 and 5 
appeared to adhere closely to the solid curves represent- 
ing linear summation. Spectral sensitivity determinations 
shown in Fig. 3(a), ruled out that this summation resulted 
from energy integration within either rods or S cones. At 
2.2 log scot td, rods were 1.1 log units less sensitive than 
S cones to the 440 nm flash. Although rods did absorb 
quanta from the 440 nm stimulus, the effects of the 
quantal absorption would be far smaller in rods than in S 
cones. The reverse would hold for S cones and the 
530 nm flash. Thus, the two flashes excited S cones and 
rods separately, while the effects of these excitations 
summed at some locus in the visual pathway. The 
relationship between rods and S cones seemed to be 
governed, under our experimental conditions, more by 
physiological summation than by probability summation. 
Two studies on blue cone monochromacy (Blackwell 
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FIGURE 5. Same as in Fig. 4. Adapting field intensity was 
2.7 log scot d. The cross (×) at log r = 0 represents the value of log 
Si = log Sz predicted by probability summation. The predicted value 
was about -(I.13 for both FN (a), and KR (b). 
& Blackwell, 1961; Pokorny et al., 1970) have reported 
complete linear summation of the activity of the two 
receptor systems, rods and S cones. Those results were in 
agreement with ours, despite substantial differences in 
stimulus parameters and differences between observers. 
Because the sensitivity of both rods (Makous & Boothe, 
1974; Makous & Peeples, 1979; Sharpe et al., 1989) and 
S cones (Mollon & Polden, 1977; Augenstein & Pugh, 
1977) isolated on 632 nm steady adapting fields, is co- 
regulated by L cones, the effects observed in this study 
could have been due to the adapting field. The similarity 
between our results and those from studies on blue cone 
monochromacy suggested that the summation effects 
were not critically dependent on wavelength of the 
adapting field. Also, there was little change in summation 
effects when the field intensity was increased from 2.2 to 
2.7 log scot td. 
In both dark adapted (Drum, 1982) and light adapted 
eyes (Ikeda & Urakubo, 1969; Benimoff et al., 1982), 
signals from rods and L cones (or L and M cones 
combined) seemed to summate but only partially. The 
extent to which rod and L cone signals summated was 
less than that reported in the present study for ods and S 
cones. In a model which describes rod--cone interactions 
at threshold, Levine and Frishman (1984) proposed that 
partial summation results from an inhibitory interaction. 
They argued on the basis of physiological data that rod 
and cone pathways converge onto ganglion cells in an 
excitatory fashion; therefore, less than perfect summation 
must be due to prior inhibitory interaction. 
However, Schneeweis and Schnapf (1995) showed that 
rod signals can modulate the membrane potential of 
cones in an excitatory fashion in the primate retina. The 
input which cones receive from rods is, most likely, 
transmitted via gap junctions (Raviola & Gilula, 1973). 
The lateral spread of rod signals into cones suggests that 
the cone pathway can process rod signals. It has been 
hypothetized that rod-cone gap junctions in the mam- 
malian retina give rise to a second rod pathway which 
transmits the rod signal at mesopic light levels (Smith et 
al., 1986; Stockman et al., 1991). In the human retina, 
telodendria radiating from S cone pedicles make punctate 
junctions with rod spherules exclusively (Ahnelt et aL, 
1990). This suggests that rods, not M or L cones, are 
positioned to modulate the activity at the first synapse in 
the S cone pathway. The physiology of punctate junctions 
is not yet understood. A simple explanation for linear 
summation of rod and S cone signals would be that the 
two receptor types share a common, excitatory neural 
pathway for detection. Recently, Dacey and Lee (1994) 
identified a small bistratified nonmidget ganglion cell that 
gave a sustained on-response to an S cone isolating 
stimulus and an off-response to a yellow stimulus. It has 
been argued (Dacey & Lee, 1994) that this ganglion cell 
and the S cone specific bipolar cell from which it 
presumably receives depolarizing input, form a synaptic 
pathway for excitatory S cone signals in the retina. We 
speculate that rod and S cone signals may add in a color 
pathway provided they share the same sign at the 
punctate junction in the outer plexiform layer. 
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